To understand the mechanism of regeneration, many experiments have been carried out with hemimetabolous insects, since their nymphs possess the ability to regenerate amputated legs. We first succeeded in observing expression patterns of hedgehog, wingless (wg), and decapentaplegic (dpp) during leg regeneration of the cricket Gryllus bimaculatus. The observed expression patterns were essentially consistent with the predictions derived from the boundary model modified by Campbell and Tomlinson (CTBM). Thus, we concluded that the formation of the proximodistal axis of a regenerating leg is triggered at a site where ventral wg-expressing cells abut dorsal dppexpressing cells in the anteroposterior (A/P) boundary, as postulated in the CTBM. q
1. Introduction
Insect leg regeneration
Regeneration is the ability to replace lost body parts by the growth or remodeling of somatic tissue. The elegant and orderly process of regeneration not only provides clues to pattern formation mechanisms, but also offers the hope that the process might one day be manipulated in techniques to replace damaged human body parts (Marsh and Theisen, 1999) . The issue of regeneration raises two major questions: what pattern formation mechanisms are involved in regenerating tissue and how are they related to the patterning processes that occur in embryonic development? To address these questions, we have been working on limb development (Niwa et al., 1997 (Niwa et al., , 2000 and regeneration using the cricket, Gryllus bimaculatus. As has been observed in cockroaches and other hemimetabolous insects, cricket legs develop during embryogenesis so that the nymph possesses functional legs and the ability to regenerate these legs.
Although insect leg regeneration has been intensively studied with cockroaches since it was first reported by Bodenstein (1933) , only a few studies have been done from the molecular biological point of view. In order to elucidate the molecular mechanisms of regeneration, we observed expression patterns of cricket genes, which are indispensable for leg development, during leg regeneration. Because many reviews have already been published on the regeneration of insect legs (e.g. by French et al., 1976; Bryant et al., 1981; Meinhardt, 1982; Campbell and Tomlinson, 1995; Marsh and Theisen, 1999) , we only briefly describe the leg regeneration observed in the cricket nymph and the historical background of models proposed so far to explain the phenomena found by various surgical experiments.
Leg regeneration by the cricket nymph
In the cricket leg, the single layer of surface epidermal cells forms precise patterns of structures, including bristles and spines, in the overlying cuticle (Fig. 1A) . The regional specialization of the leg epidermal cells is evident along the three major axes of the leg, which include the anteroposter-ior (A/P), dorsoventral (D/V), and proximodistal (P/D) axes. The P/D axis relates to the distance from the body trunk, while the A/P and D/V axes unite to form the single circumferential axis (Fig. 1A) .
When a metathoracic leg of a Gryllus nymph in the third instar is amputated at the tibia (Fig. 1B) , the distal missing part is completely recovered after about 30-35 days through four molts subsequent to the amputation (Fig. 1C) . Morphological changes during the regeneration of an amputated tibia are shown in Fig. 1D -H. Just after the amputation, we can observe a trachea running along the P/D axis, reticulate fat bodies, and muscles in sagittal sections (Fig. 1D) . By 6 h after amputation, wounded muscles already start to degenerate, while haemocytes aggregate in the wound to form a scab (data not shown). By day 2, epidermal cells migrate over the wound surface, and epidermal continuity is restored underneath the scab (Bohn, 1976) (Fig. 1E) . Cell proliferation can be detected in epidermis lining the scab during this process (Fig. 2D) . By day 5, the wound epidermis thickens to form a regeneration bud, or blastema ( Fig.  1F ; Fig. 2H ), and cell proliferation is greatly activated in the blastema (Fig. 2F) . Cells in the blastema lose their differentiated character and start to grow (Truby, 1983) . By day 7, the blastema becomes the primordia of the tibia and tarsus concomitant with muscle recovery (Fig. 1G) . By day 10, the boundary of the tibia-tarsus is visible in the blastema (Fig.  1H) . Finally, all of the structures that normally lie distal to the point of amputation are restored.
The ability to regenerate distal structures was demonstrated more dramatically by grafting experiments that resulted in the development of supernumerary legs (Bodenstein, 1937; Bohn, 1965; Bulliere, 1970; French, 1976) . We performed such an experiment with the cricket, as shown in Fig. 3A and reported by French (1984) . In the third instar nymph, the distal part of the amputated right mesothoracic leg (graft) was grafted onto the stump of the amputated left metathoracic leg (host) at the mid-tibia level with a 1808 rotation to keep the D/V in register while misaligning the A/ P (Fig. 3A) . After about 2 weeks, two supernumerary legs were induced at the positions shown in Fig. 3A . Detailed analyses of supernumerary legs were reported by Truby (1986).
The historical background of models
To interpret the phenomena observed in grafting experiments and to elucidate the mechanisms of regeneration, three major theoretical models have been proposed, i.e. the polar coordinate model (PCM) , the boundary model (BM) (Meinhardt, 1982) , and the boundary model modified by Campbell and Tomlison (1995) (CTBM) .
If different proximal-distal levels of a leg segment are grafted together, growth occurs in the region of the junction, and the intervening levels are formed by intercalary regeneration (Bohn, 1970; Bulliere, 1971) . Similarly, if cells from different circumferential positions on a segment are grafted together, the intervening circumferential positions are produced by intercalary regeneration (French, 1978) . These results led to the formulation of the PCM. This may mean that the limb epidermis has a two-dimensional map of positional values arranged along its longitudinal and circumferential axes. On the other hand, Meinhardt (1982) proposed a different model of the BM, based on lineage studies in the Drosophila leg imaginal disc. One of the earliest developmental decisions on the leg disc is the separation into anterior and posterior compartments (Steiner, 1976) . The site where the boundaries between these cell populations intersect defines the presumed distal tip of the leg and is the source of a diffusible morphogen that induces outgrowth and specifies the cell fate along the P/D axis. This BM can explain the supernumerary leg formation by grafting because the grafting operation creates two new sites where the boundaries among the three cell populations interact. Campbell and Tomlinson (1995) modified the BM to the CTBM, according to the relevant molecular biology of cell signaling in the Drosophila leg imaginal disc. In the leg Fig. 3 . Formation of supernumerary legs by grafting operation in the Gryllus nymph and prediction of expression patterns of hh (green), wg (red) and dpp (blue) during regeneration by the CTBM. (A) The distal part of the right mesothoracic leg (graft: G) was amputated and grafted onto the stump of the left metathoracic leg (host: H) in the third instar of the cricket. This operation resulted in the inversion of the anteroposterior (A/P) polarity of the graft to the host, leading to the formation of two supernumerary (S) legs, one indicated by the red arrowhead in the center panel and the other by S in the right panel. (B) Prediction of the expression patterns of the three genes hh (green), wg (red), and dpp (blue) by the CTBM during formation of the supernumerary legs shown in (A). In the upper series, the left small and adjacent large circles represent cross-sections of the graft and the host, respectively, showing the expression patterns of hh (green), wg (red) and dpp (blue). When grafted so as to reverse the anteroposterior polarity, Hh in the posterior compartment of the host and graft legs induced the expressions of wg and dpp in the ventral side and dorsal side of the anterior compartment (double circles). The site where the wg-expression cells abut the dppexpressing cells became an organizer that induced the formation of the proximodistal axis. A, anterior; P, posterior; D, dorsal; V, ventral. disc, the cells of the posterior compartment are defined by the expression of the Engrailed homeodomain protein, and these cells secrete a signaling peptide, Hedgehog (Hh). The dorsal and ventral cells in the anterior compartment close to the A/P boundary express decapentaplegic (dpp) and wingless (wg). A single site where dpp-expressing cells abut wgexpressing cells becomes the presumed distal tip. Thus the CTBM could explain grafting experiments with reference to these three signaling molecules.
Verification of the CTBM
Because expression patterns of hh, wg, and dpp in the cricket leg bud were similar to those predicted by the CTBM (Niwa et al., 2000) , we have applied the CTBM to our cricket system. The predicted expression patterns are schematically illustrated in Fig. 3B . In the case of the grafting experiment shown in Fig. 3A , the posterior cells confront the anterior cells at two new interfaces. The posterior cells secrete Hh and induce expressions of wg and dpp in the ventral and dorsal side of the A/P boundary, deduced from the fact that Hh induces expression of wg or dpp in the Drosophila leg imaginal disc (Basler and Struhl, 1994) . As a result, wg-expressing cells juxtapose dpp-expressing cells at the two positions where the supernumerary leg grows out (Fig. 3B) .
In this paper, we examined whether the above prediction holds true in the cricket experimental system. Consequently, we present evidence at molecular level for applicability of the CTBM to insect leg regeneration.
Results

Expression patterns of hh, wg, and dpp during distal regeneration
Because it was very difficult at the beginning of this experiment to remove cuticles without damaging interior tissue samples for whole-mount in situ hybridization (WISH), we made sections of the legs to perform in situ hybridization. However, hybridization signals in epithelial cells were not intense enough to be clearly detected on sections, and accordingly it was difficult to determine where signals were localized in the regenerating legs. It was even more difficult to detect signals in normal legs. By chance, however, we found an optimal condition for preparing leg samples for WISH (see Section 4.3). With these samples, we performed WISH and observed the expression patterns of the three genes coding signaling molecules, i.e. hedgehog (hh), wg, and dpp.
In a previous study (Niwa et al., 2000) , we found that in the cricket leg buds, hh are expressed in the posterior (P) compartment, while wg and dpp are expressed in the ventral (V) side and dorsal (D) side of the anteroposterior (A/P) boundary, respectively. In a normal leg at the stage corresponding to the regeneration samples, hybridization signals for hh were weakly detected in epidermal cells located in the posterior region (data not shown), whereas the expressions of wg and dpp were not observed, at least under our experimental conditions. In contrast, we were able to observe the induced expressions of hh, wg, and dpp in the blastemata of regenerating legs. Typical results of early blastema formed at 3 days after amputation are shown in Fig. 4 . The expression signals of hh in the WISH samples are localized on the posterior side of the leg epidermis (Fig. 4A) . These results were confirmed by transverse sections of the WISH samples (Fig. 4B,C) . Furthermore, we examined the localization of the En protein in cryosections with the monoclonal antibody mAb4D9 (Patel et al., 1989) . Signals were detected in both sagittal and transverse sections, indicating that En is localized in the posterior half of epidermis (Fig. 4D-F) and supporting the results for hh. In the transverse sections, the En expression domain looks slightly broader than that of hh. There is a possibility that the cricket has more than one en-like gene and that mAb4D9 does not distinguish between them, as in Drosophila (Patel et al., 1989) . The expression patterns of hh (En) in the blastema are schematically illustrated in Fig. 4G-I .
The expression pattern of wg was clearly observed in the ventral region of the blastema with a distal-to-proximal gradient in the signal intensity (Fig. 4J-L) . A ventral view of the wg expression is shown in Fig. 4J , while transverse sections of the WISH samples are shown in Fig. 4K ,L, revealing that the signals are localized in the ventral side. Our deduced relationship between hh and wg expressions is illustrated in Fig. 4M-O. On the other hand, the signals of the dpp expression were much weaker than the wg signals. Furthermore, there was variation in the expression patterns. Since we did not observe such variation in the wg expression pattern, we considered that the expression pattern of dpp should be dynamically changed, as observed during leg development. Since we could not synchronize the regeneration phase exactly because of slight individual differences, we were not able to follow the chronological sequence of the dpp expression pattern. Therefore, we observed 85 samples prepared 2-4 days after amputation. The observed expression patterns of dpp were classified mainly into three types: Type I, with signals restricted in dorsodistal epithelial cells of the blastema (n ¼ 6 out of 85), as shown in Fig. 4P , where intense non-specific signals appear in the trachea due to longer staining reactions but no significant signal was observed in WISH samples with the sense probe (Fig. 4S) ; Type II, with signals observed in dorsal and distal epithelial cells, and weakly in ventral cells (n ¼ 55) (Fig. 4Q) ; and Type III, with signals so weak that no pattern is discernible (n ¼ 24) (data not shown). Type I expression patterns were observed in the early stages (2.5-3 days after amputation), while Type II patterns were observed even in the later stages (,4 days). Therefore, it is reasonable to consider that the expression pattern of dpp changes from Type I to Type II as the regeneration proceeds.
Based on these results, our deduced relationships among the expression patterns of hh (En), wg, and dpp in the regenerating blastema at the early stages are schematically illustrated in the distal and anterior views in Fig. 4R ,T, respectively. The expression patterns of wg and dpp in the blastema are comparable to those in the leg bud of the cricket embryo (Niwa et al., 2000) . In particular, the discrete expression of dpp (Type I) observed in the blastema is also observed in the dorsal side along the A/P boundary in the cricket leg bud (Niwa et al., 2000) , which differs from the expression of dpp in the leg imaginal disc (Campbell et al., 1993; Lawrence and Struhl, 1996) . On the other hand, a major difference between the leg bud and blastemata is the size of the wg/dpp expression boundary: The boundary becomes a line in the blastema, similar to the apical ectodermal ridge of vertebrate limb buds, rather than a point in the insect leg bud (Niwa et al., 2000) . After wound healing, the restoration of the epidermal continuity results in the formation of a D/V boundary where dpp-expressing epidermal cells abut wg-expressing cells (Fig. 4R,T) , which possibly initiates the formation of the P/D axis in the regeneration blastema.
Expression patterns of hh, wg, and dpp in supernumerary-leg regeneration
In order to elucidate the molecular mechanism for supernumerary-leg regeneration, we next performed a grafting experiment as described in Section 1 (Fig. 3A) . In the third instar nymph, the distal part of the amputated right mesothoracic leg (graft) was grafted onto the stump of the amputated left metathoracic leg (host) at the mid-tibia level. In this case, the A/P polarity of the graft is inverted to that of the host, while the D/V polarity is held in register (Fig. 5A) . A section at the host/graft junction is shown in Fig. 5B -E. Fig. 5B shows a section of the junction just after grafting. By day 3 after grafting, the epidermal cells of the host and graft migrated and made contact to form the host/graft junction (Fig. 5C ). After the first molt subsequent to grafting (by (M-O) Schematic drawings of deduced relationship between expression domains of wg (red) and hh (En) (green). (P) Lateral views of dpp expressions. Significant signals of the dpp expressions were observed in the dorsal side of the distal end epidermis, indicated by the arrowheads. The asterisks in (P) indicate non-specific staining in the trachea. At the distal end of the regenerating leg, wg (ventral) and dpp (dorsal) are expressed complementarily. (Q) Lateral views of dpp expressions at a later regeneration stage than in (P). (R) Schematic drawing of deduced relationships among expression domains of hh/En (green), wg (red), and dpp (blue), as the frontal view from the distal side of the regenerating leg in the early stages (P). (S) Negative control hybridized with the sense riboprobe of dpp. The stage of the sample corresponds to that in (P). (T) Schematic drawing of deduced relationship between expression domains of dpp (blue) and wg (red) as the lateral view in the early regeneration stages. Both signals have a distalproximal gradient. day 9), two blastemata appeared at the anterior and posterior sides of the host/graft junction (Fig. 5D) . By day 14, the blastemata developed to form primordia of the tibia and tarsus (Fig. 5E ). After the second molt, two supernumerary regenerates emerged, which were composed of more distal structures than the host/graft junction (the center and right panels of Fig. 3A) .
In order to verify the CTBM, we examined whether the expression of wg or dpp can be ectopically induced in the blastema of supernumerary legs, as predicted (Fig. 3B) . Our results are shown in Fig. 6 . In the host/graft boundary, hh is expressed in the original posterior regions of the host and graft epidermis (Fig. 6A) . Correspondingly, signals for En was observed in each posterior half of the host and graftderived epidermis, as revealed by both the sagittal (Fig. 6B ) and transverse sections (Fig. 6C) . These expression patterns of hh (En) are illustrated in Fig. 6D-F. On the other hand, an ectopic signal for wg was observed intensely at the ventral region of each supernumerary blastema ( Fig. 6G-I) , while a normal signal can be observed in the ventral region of the host and graft legs (Fig. 6G ). Our deduced relationship between the hh and wg expression patterns is illustrated in Fig. 6J -L. A weak signal for the dpp expression was detected in the dorsal side of each supernumerary blastema. A typical expression pattern of dpp revealed by WISH is shown in Fig. 6M (dorsal view) (n ¼ 3 out of eight), while dorsal localization of signals can be confirmed on oblique sections of WISH samples (Fig. 6N,O) . Our deduced relationship among the hh, wg, and dpp expression patterns is shown in Fig. 6P ,Q. The ectopic induction of the wg and dpp expressions, probably induced by Hh, was observed at two sites on the host/graft junction. Although the expression pattern of dpp differed from the prediction, the essential features of the expression patterns of the three genes indicated that the initiation of the P/D axis formation occurs at a site where wg-expressing cells abut dpp-expressing cells, which is consistent with the CTBM.
Discussion
Molecular interpretation of supernumerary leg formation by surgical experiments
Only a few studies have been reported on the regeneration of insect legs since Truby (1986) reported on the growth of supernumerary legs in the cockroach. Although many biologists have learned molecular biological techniques over the past 15 years, none has attempted to apply them toward elucidating the molecular mechanisms of insect leg regeneration. This paper is the first attempt to study the regeneration of insect legs from a molecular biological point of view. Our in situ hybridization analyses of regenerating legs after an amputation or grafting operation revealed that expression of hh, wg, and dpp are induced in blastemata during regeneration. We found that although the expression pattern of dpp was slightly different from the prediction, the observed patterns were essentially consistent with the predictions. We can now conclude that the formation of the P/D axis of a regenerating leg is triggered at a site where ventral wgexpressing cells abut dorsal dpp-expressing cells in the A/ P boundary, as postulated in the CTBM.
The next question is whether the supernumerary formation induced by various surgical experiments can be interpreted with the CTBM. According to Bohn (1965) , there are at least five types of surgical experiments capable of inducing supernumerary leg formation. Assuming that dpp and wg are expressed or inducible in the dorsal side and ventral side, respectively, in the operated legs, each supernumerary leg is induced at a site where the dpp-expressing cells abut the wg-expressing cells in each type of experiment. Thus, it is likely that supernumerary leg formation is in general due to the confrontation of the wg-and dpp-expressing cells, as predicted by the CTBM. 3.2. The mechanism of regeneration described by the CTBM may be conserved in both invertebrates and vertebrates Some amphibians such as newts and salamanders possess the ability to regenerate their legs. As with insect legs, supernumerary legs have been formed in salamander legs by similar grafting experiments (Bryant and Iten, 1976) . This implies that the mechanism of regeneration may be conserved in both vertebrates and invertebrates. Actually, in some amphibians, the induction of the Sonic hh (Shh) expression has been observed in the blastema of their regenerating legs (Endo et al., 1997; Imokawa and Yoshizato, 1977; Torok et al., 1999) . Since Shh can induce expressions of Bmp2 in chick limb buds (Wada et al., 1999; Drossopoulou et al., 2000) , Shh may also induce expressions of Bmp genes in regenerating legs. Furthermore, Kawakami et al. (2001) recently found that cells expressing Wnt-2b or Wnt8c are able to induce expression of Fgf10 and generate an extra limb when implanted into the flank of a chick embryo. They concluded that Wnt signals mediated by beta-catenin control limb initiation in the vertebrate embryo. In leg regeneration, the involvement of Fgf10 has been demonstrated by Yokoyama et al. (2001) . Accordingly, it is likely that Wnt signals induce expressions of Fgf10 during regeneration. Judging from these results, it is reasonable to consider that the confrontation of Wnt-and Bmp-expressing cells is also involved in the initiation of the P/D axis formation in vertebrates.
In conclusion, the initiation of the P/D axis in leg regeneration occurs at a site where wg-expressing cells abut dppexpressing cells. Since a similar phenomenon is observed in amphibians, the signaling molecules of Shh, Wnt, and BMP, corresponding to Hh, Wg, and Dpp, are possibly involved in vertebrate limb regeneration.
Experimental procedures
Animals
All nymphs and adults of G. bimaculatus (two-spotted cricket) were reared as described previously (Niwa et al., 1997) .
Labelling of blastemata with BrdU
Cell proliferation analysis was carried out with the cell proliferation kit (Amasherm, RNP20). 5-Bromo-2-deoxyuridine (BrdU) was injected into the abdomens of the cricket nymphs in appropriate stages after amputation. Cryosections of regenerating legs were made 6 h after injection, and BrdU-positive cells were detected following the manufacturer's instructions.
Preparation of whole-mount samples of regenerating legs
Legs of cricket nymphs immediately after molting in the third instar were amputated at appropriate positions in the tibia. Amputated or grafted legs were cut off near the distal end of the femur and fixed in a fixing solution containing 2% paraformaldehyde in PBT (10 mM sodium phosphate (pH 7.4), 100 mM NaCl, 0.1% Tween20) for 6 min at 558C with a microwave oven. The legs were then washed three times with PBT. The scab of the amputated leg was then removed and epithelial tissue was pressed out of the cuticle by gently sliding a forceps on the cuticle in PBT. The regenerating epithelial tissue samples at 2-4 days after amputation were isolated for WISH. In the other periods, it was very difficult to isolate interior tissue samples without damage because epithelial cells were found to be tightly bound to cuticles. In the case of grafted legs, more distal parts than the host/graft junction of fixed legs were cut off, and epithelial tissue were pressed out in the same way as with amputated legs. For sample preparation of grafted legs, epithelial tissue at 3 days after the first molt subsequent to operation were isolated. The isolated tissue samples of amputated or grafted legs were refixed in 4% paraformaldehyde in PBT for 20 min at room temperature and then dehydrated in methanol series. The fixed samples were stored in methanol at 2208C.
Immunostaining and WISH
A monoclonal antibody against the Engrailed protein (En), mAb4D9, was purchased from the Developmental Studies Hybridoma Bank (The University of Iowa, Iowa City, USA). A digoxigenin (DIG)-labeled antisense RNA probe for the cricket hh, wg, or dpp was used for WISH (Niwa et al., 2000) . The immunostaining for the En and WISH were carried out as described previously (Niwa et al., 1997 (Niwa et al., , 2000 .
